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FINITE ELEMENT MODELING OF ULTRASONIC INSPECTION OF WELDMENTS 
ABSTRACT 
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High performance weldments for critical service applications re-
quire 100% inspection. Balanced against the adaptability of the 
ultrasonic method for automated inspection are the difficulties en-
countered with nonhomogeneous and anisotropic materials. This re-
search utilizes crystals and bicrystals of nickel to model austenitic 
weld metal, where the anisotropy produces scattering and mode con-
version, making detection and measurement of actual defects diffi-
cult. 
Well characterized samples of Ni are produced in a levitation 
zone melting facility. Crystals in excess of 25 mm diameter and 
length are large enough to permit ultrasonic measurements of attenu-
ation, wave speed, and spectral content. At the same time, the ex-
periments are duplicated as finite element models for comparison 
purposes. 
Finite element models permit easy description of boundary con-
ditions, geometry, and loading. Direct integration of the wave 
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equation is done with the Newmark-Beta and Wilson-Theta methods. 
The usual problem with the large number of degrees of freedom can 
be alleviated with the use of Guyan reduction. 
Two-dimensional comparisons showing mode conversion and a plate 
with a flaw are made. The continued development of this computa-
tional tool should increase understanding of quantitative ultrasonic 
inspection. 
BACKGROUND 
Ultrasonic inspection of weldments and other nonregular struc-
tures has posed formidable challenges. A complex set of interactions 
arises from the interfaces between differing materials, irregular 
free boundaries, flaws, anisotropy of some weld metals, and other 
spurious features. While ultrasonic inspection is attractive from 
the standpoint of the automation of data acquisition, interpretation 
of the resulting scans is done manually and requires extensive ex-
perience. 
Ultimately, it is a desirable goal to have a computational tech-
nique which solves the co-called "inverse" problem. That is, given 
an adequate set of ultrasonic data, determine the internal structure. 
Thus the computerized inspection process can be completely automated: 
The output can show flaws, porosity, and other features in a graphi-
cal display. One approach toward this goal is the prediction of the 
ultrasonic response given a certain structure. This more tractible 
problem has been central in most of present, ongoing research. 
Historically, the development of ultrasonic inspection techni-
ques has been largely experimental. While it is known that the 
phenomenon is governed by the differential equation of the wave, 
analytical solutions to most practical problems have been unobtain-
able. Difficulties in such solutions arise from anisotropy and non-
homogeneity in materials, boundary conditionfi and other geometric 
factors, or description of the applied pulse. Thus, work has typi-
cally followed such lines as experimentation on plates with known 
flaws and application of adaptive learning techniques to develop 
an interpretation. 
Techniques for efficient solutions of the wave problem with a 
finite element technique have come into place in the past few years. l 
Along with improvement of computational techniques, advances have 
also been made in the speed and size of commonly available computers. 
Thus, the problem of modeling ultrasonic waves with finite elements 
is now becoming the state of the art. 
The present work has three foci: Metallurgical production of 
samples, experimental ultrasonics, and finite element modeling. 
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While the present paper deals mainly with the finite element model-
ing, some related background in our sample production and experimen-
tation is presented first. 
SAMPLE PRODUCTION 
To model the acoustic anisotropy of austenitic weld metal with 
well characterized, reproducible material, single crystal nickel has 
been selected. With the levitation zone melting technology,2 we have 
been able to produce single high-purity crystals somewhat over 25 mm 
in diameter. 
With commercial Ni-200 as starting material, three to six passes 
in the zone melter in a sequence of oxidizing and reducing atmo-
spheres produces a relatively pure Ni bar. The latter passes are 
in Pd-purified hydrogen and grain growth and steady state conditions 
can produce large single crystals of various orientations. 
The growth of oriented single crystals is desired so that spe-
cific wave propagation directions and grain boundary situations can 
be fabricated and studied. To this end a crystal puller has been 
constructed in order to grow seeded crystals of desired orientations. 
For the initial seed crystals produced in the zone melter, 
orientation is determined using the Laue back reflection technique. 
The single crystal oriented seeds are then cut and used in the 
crystal puller. Work is now in progress to obtain <100> crylindri-
cal single and oriented bicrystal specimens to study two-dimensional 
wave propagation in anisotropic nickel samples. Oriented bicrystal 
samples will be made by diffusion bonding in Pd-purified hydrogen. 
It will be possible at this stage to introduce flaws or defects into 
the grain boundary area. 
ELASTIC CONSTANTS 
The measurement and use of anisotropic elastic constants for 
stress analysis of austenitic materials with cast structure has 
previously been demonstrated. 3 ,4 The FCC structure of pure Ni leads 
to cubic symmetry (three independent constants) which contrasts with 
the orthotropic symmetry found in oriented polycrystalline austen-
itic metal structures. 3 ,4 Full orthotropic symmetry has nine inde-
pendent elastic constants. In many cases a good approximation can 
be made by assumption of a plane of isotropy where the number of 
elastic constants reduces to five. Cast materials with elongated 
subgrains have this plane of isotropy in an approximate sense. 
The use of single crystal Ni with cubic symmetry models the 
same wave propagation phenomena as orthotropic materials, if the 
waves in both cases are propagated in one of the three principal 
planes. This is readily apparent since three elastic constants are 
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active in both cases. By restriction of the wave propagation stud-
ies to principal planes, our supporting finite element studies can 
be conducted in two-dimensional space. This greatly reduces the size 
and the running time of solutions. Both cubic and orthotropic mater-
ials exhibit mode conversion, which is the production of shear waves 
when the wave normal is in nonprincipal directions. 
For the calibration of the ultrasonic gonimeter apparatus, the 
wave velocities as a function of angle for the single crystal nickel 
sample material have been measured and used for comparison of the 
derived anisotropic elastic constants with accepted values. 5 For 
the present work, the resulting matrix of elastic stiffness constants 
has been used. 
268 170 170 0 0 0 
170 26S 170 0 0 0 
170 170 268 0 0 0 GPa (1) 
0 0 0 123 0 0 
0 0 0 0 123 0 
0 0 0 0 0 123 
FINITE ELEMENT METHODOLOGY 
Solution of dynamics problems with time-step integration is an 
established procedure l ,6 incorporated into the two general purpose 
codes 7 ,8 utilized in this work. Because ultrasonic wave propagation 
problems tend to be very large in respect to the number of degrees 
of freedom and in the number of time steps needed, it is important 
to optimize the integration method, time step size, choice of master-
ing dynamic degrees of freedom, and possibly other parameters. 
Governing Equations 
In the finite element method employing stiffness formulation 
the basic unknown quantities are {u} the nodal degrees of freedom 
(dof). For two-dimensional problems {u} contains two orthogonal 
components of the displacement vector at each node, while the second 
derivative {ti} similarly represents the ~cceleration vector. The 
stiffness [K] of the structure incorporates geometry, material, and 
the element interpolation functions selected. Density and geometry 
of the structure are incorporated in the mass matrix [M]. Both a 
consistent mass matrix which incorporates the element shape function 
and a diagonal mass matrix which lumps the mass at the nodel points 
have been considered. Application of d'Alembert's principle produces 
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body forces -[M]{u}. Combination of these terms yields the basic 
set of eqyations 
[K]{u} + [MH~} {F} (2) 
where {F} is the time-varying set of applied forces. A damping term 
can also be added to Eq. (2) to correct for viscous losses in the 
material. Derivations of the foregoing are available. l ,6,9 
Dynamic Masters 
Attention is next directed toward reduction of the number of 
dof in a dynamic problem. In some cases, many of the dof which de-
scribe the structure are not important in a dynamical sense. As 
examples, dof may be out of the path of the ultrasonic beam or may 
be in a direction which is not of interest. The algorithm known as 
Guyan lO reduction partitions the [K] and [M] into "master" dof and 
"slave" dof. If the masters are properly chosen, the results will 
be adequate for selected purposes and the size of the problem may 
be reduced by a factor of as much as 5 to 10. A relationship be-
tween the spacing of the master dof and the length of the transmitted 
wave will be discussed later. 
Integration Methods 
The time-history response of the structure is obtained from 
direct integration of Eq. (2). The choice has been made to investi-
gate two of the many integration methods6 available--the Newmark - 8 
and the Wilson - e method. These methods are implicit and possess 
better convergence and stability characteristics than the simpler 
explicit methods. 
For the Newmark - 8 method the algorithm is 
{u} {u} + {~} L'lt + (8 {~} + (~ - 8H~} ) L'lt 2 (3a) 
t + L'lt t t t + L'lt t 
with 
{~} {~} + (y{~} + (1 - y){~} )L'lt (3b) 
t + L'lt t t + L'lt t 
where L'lt is the increment in time t. Optimum choices6 ,7 for y and 
8 in Eq. (3) are y = 0.5 and 8 = 0.25. This combination produces 
unconditional stability; amplitudes of sine waves are accurately 
produced, but there is some error in frequency.ll However, some 
spurious oscillations may occur in higher modes. 9 
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The Wilson - e method6 is a modification of the Newmark - (3 
method. We let T = e~t, where e is selected for its stability char-
acteristics. Here, 
{u} {~} + ({~} •. T (4a) {u} )Lrt 
t + T t t + lit t 
{~} {~} .. ({~} {~} T2 (4b) + {u} T + ) 2M 
t + T t t t + ~t t 
{u} {u} + {~} T + ~{u} T2 + ({u} {~} T3 t \~t (4c) t + T t t t + ~t t 
An optimum choice of e is in the range 1.37-1.40 from the standpoint 
of stability. Studies6 ,9,11 show the Wilson - e method exhibits 
better frequency response characteristics than the Newmark - (3, but 
inferior accuracy of computed amplitudes. 
In ultrasonic wave propagation terms, then the choice of inte-
gration method is one of whether attenuation or time-of-flight is 
to be predicted better. To verify these generalities, a simple test 
problem--a bar with one-dimensional wave propagation--is next 
examined. 
WAVE PROPAGATION IN BAR 
As a comparison of the two integration methods and also as a 
check against a problem with an easily obtained closed-form solution, 
the response of a bar to a step input is studied. The bar shown in 
Fig. 1 is subjected to a step force F at time = O. Properties which 
affect the response include cross-sectional area Ao, modulus of 
elasticity E, density p, and length ~. 
B. F 
~-----------l------~ 
Fig. 1. Bar subjected to step input force F. The displacements 
u(A,t) and u(B,t) are compared in this example. 
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The one-dimensional wave equation is 
Utt = a 2uxx 
where a = IE/p. The initial conditions are u(x,O) 
the boundary conditions are u(O,t) = 0 and u (t,t) 
series solution exists for Eq. (5) which is x 
00 (n-l)/2 
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(5) 
0, ut(x,O) = 0; 
F/(EA). A 
o 
u(x, t) 8FQ, (-1) . nnx (1 nnat) ( S1n -zi -cos ~ 6) 
m=1,3 ... 
Newmark - S integration has been done with the PAFEC7 program. 
The dof are restricted to 20 by mastering only x-displacements; when 
this is not done, the size of the solution increases while the re-
sults are virtually identical. Wilson - e integration on the same 
problem has been performed with the SAP-VI8 program, where mastering 
is not available. In the finite element solutions, the time step 
size has been varied over a range to determine if there are problems 
with stability or loss of accuracy. For purposes of comparison, it 
is most convenient to report the number of time steps used in the 
wave time which is 4t/a. 
Results from Newmark - S integration are given in Fig. 2, while 
those for Wilson - e are in Fig. 3, with solutions from Eq. (6) 
compared. Data in these two figures confirm the general conclusions 
previously stated: (1) Newmark - S produces the better representa-
tion of amplitude and follows the wave form more faithfully; this 
is readily apparent when observing that the displacement of point A 
nearly returns to zero in Fig. 2 but not in Fig. 3. (2) Wilson - e 
produces the better match with frequency; this is seen by comparing 
the period of both wave forms with the series solution. 
Thus, both methods have certain advantages which influence the 
choice in subsequent work. There is some tendency in both methods 
to produce spurious oscillations, particularly with the smaller time 
steps in the Wilson - e method. The Wilson - e method models the 
time of flight better while the Newmark method is the choice for 
attenuation studies. 
MODE CONVERSION 
Acoustic anisotropy causes an input normal wave to be converted 
to normal and shear waves. This phenomenon produces several compli-
cations in the ultrasonic inspection process. 12 To model the wave 
amplitudes in the mode conversion process, Newmark - S integration 
is preferred. 
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Fig. 2. Results from Newmark - S integration for step wave in bar. 
1.0 
0 . 8 
0 . 6 
0 . 4 
0 . 2 
o 
200 time steps during 42/a 
Finite element 
Series solution 
t 
Fig. 3. Results from Wilson - e integration for step wave in bar. 
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The result of hand-digitizing a typical pressure pulse from a 
3.5 MHz transducer has been used as an input forcing function. A 
square mesh of eight six-node triangular elements uses the aniso-
tropic elastic stiffness of Eq. (1) transformed through ten-degree 
increments. The source and receiver points are centered on opposite 
sides of the square. When the amplitudes of the longitudinal and 
transverse displacements at the receiver are plotted as functions of 
time, a measure of attenuation can be deduced by comparison of these 
plots with the input. 
Such a comparison is conveniently plotted in polar form, Fig. 4. 
Here it is seen that there is no mode conversion from normal to 
shear waves in directions 0° and 45° (which corresponds to the crys-
tallographic <100> and <110> respectively). Furthermore, the atten-
uation is minimized in the 45° direction which corresponds to the 
<110>, the direction of closest packing. The experimental data for 
comparison of p-wave attenuation has been obtained with the ultra-
sonic goniometer apparatus. 
Thus, the finite element method appears to handle mode conversion 
properly. It should be added that the Newmark - S integration used 
here worked most effectively with the nodes equally spaced in both 
directions and with time steps on the order of 1/10 the time required 
for the wave to propagate between two nodal points. With larger time 
steps, the higher frequency content of the waves becomes lost. 
PLATE WITH INTERNAL VOID 
A more realistic problem models the inspection of an anisotropic 
plate with a small void using the pulse-echo technique. The geometry 
of the test problem is shown in Fig. 5. The two meshes shown here, 
one without and one with the flaw, have five numbered points repre-
senting the transmitter and receiver locations for this study. A 
longitudinal wave (triangular pulse) is input as a point source. 
The material of Eq. (1) is used, with the <100> direction varied be-
tween 0, 22.5°, and 45° to the wave normal. 
Wilson - e integration has been used with 100 time steps of 
sufficient size to allow the return of the reflected wave. With the 
bottom row of nodes restrained, there are 544 dof (without flaw) or 
546 dof (with flaw). 
Results for orientations of anisotropic material are shown in 
Figs. 6 and 7. In all the figures, the large triangular input wave 
at the source is the first occurrence. The surface wave as it pro-
pagates along the bottom is seen as it arrives at the other receiving 
points. The arrival of the specular reflected wave from the top sur-
face is seen near the end of the time interval. The other wave forms 
may arise from edge reflections or may be spurious artifacts in inte-
gration. One of the runs was duplicated with the time step reduced 
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P-WGve 
(finite 
element) 
........ ----- S-WGve 
(finite element) 
EE~--~~--~----------------<IOO> 
Fig. 4. Angular dependence of attenuation and mode conversion in 
nickel single crystal. Input is p-wave, output waves 
plotted. Experimental s-waves were not obtained with 
water-tank apparatus. Differences between experimental 
and finite-element may be due to beam spread, material 
damping, and alignment. 
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...-...-1-,...- ,...-2-...-.--3-.-- ,...-,-...- r-~-...-
(a) Plate without flaw (b) Plate with flaw 
Fig. 5. Finite element meshes for pulse-echo simulation in plate. 
Sources and receivers are located at points 1-5 along the. 
top surface. 
by a factor of two: the wave forms produced in the results were 
virtually identical. 
Under certain conditions, the received waves are noticeably 
altered by the flaw. This is the case in Fig. 7, with the source 
at point 1, where the anisotropy and geometry were such that an 
"indication" is returned. Under most of the conditions, the re-
ceived waves are only slightly altered by the presence of the flaw. 
In this series of runs, the attenuation and transit time has 
been modeled for these conditions. It is noteworthy that sufficient 
sensitivity existed in the numerical method to show the existence 
of a defect. 
SUMMARY AND CONCLUSION 
This ongoing work combines production of carefully controlled 
anisotropic material-ultrasonic experimentation, and finite element 
modeling. Large samples of high purity single crystal nickel have 
been produced with predefined orientations. The process equipment 
includes a levitation zone melter and a crystal puller. 
Ultrasonic measurements made on nickel samples have confirmed 
the elastic constants and have quantified the mode conversion phen-
omena. Integration techniques for finite element solutions have 
been compared, with the preferred method being Wilson - 8. Some 
problems remain with spurious oscillations in the numerical solu-
tions, however. 
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In general, finite element solutions have possibilities for ex-
tension of ultrasonic wave propagation research. One of several 
possibilities is to mesh a polycrystalline structure with grain boun-
daries corresponding to finite element boundaries. Then, wave pro-
pagation studies could be conducted through flaws, and other defects 
placed in the structure. It is obvious how many other such situations 
can be modeled. 
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